203 words References: 30 ABSTRACT Stomatal ontogenesis is a key element of plant adaptation aiming to control photosynthetic efficiency and water management under fluctuating environments 1,2,3 . Development of stomata is guided by endogenous and environmental cues and is tightly coupled to overall plant growth 1,2,3 .
YODA signaling pathway is essential to stomatal lineage specification 4, 5, 6 since it regulates the activities of transcription factors such as SPEECHLESS (SPCH) 7, 8, 9, 10 . Heat-shock proteins 90 (HSP90s) are evolutionarily conserved molecular chaperones implicated in a broad range of signalling pathways being integrated in interaction networks with client proteins 11, 12, 13, 14 . Herein, based on genetic, molecular, biochemical, and cell biological evidence we report that heat-stress conditions affect phosphorylation and deactivation of SPCH and modulate stomatal density. We show that genetic and physical interactions between HSP90s and YODA control stomatal patterning, distribution and morphology. We provide solid evidence that HSP90s play a major role in transducing the heat-stress response since they act upstream and downstream of YODA signalling, regulate the activity and nucleocytoplasmic distribution of MAPKs, and the activation of SPCH. Thus, HSPs control the stomatal development both under normal temperature and acute heat-stress conditions. Our results demonstrate that HSP90s couple stomatal formation and patterning to environmental cues providing an adaptive mechanism of heat-stress tolerance response and stomatal formation in Arabidopsis.
Elevated temperatures attributed to global climate changes affect plant development and have a great economic impact as they directly influence crop yield and productivity. Molecular mechanisms of plant response to elevated temperatures involve heat shock proteins (HSPs) that are essential for plant adaptation and survival. Plant thermotolerance depends on the timely expression and accumulation of HSPs 15, 16 .
Stomata are small cellular pores in the plant epidermis mediating gas and water exchange through transpiration 1, 2, 3 . Stomatal formation and distribution depend on environmental parameters and internal cues 1, 2, 3 . SPCH is the major transcription factor (TF) controlling stomatal ontogenesis 7, 8, 9, 10 . An intracellular mitogen-activated protein kinase (MAPK) cascade including YODA (MAPKKK), MKK4/5 (MAPKKs) and MPK3/6 (MAPKs) 4, 5, 6 is required for SPEECHLESS (SPCH) regulation and stomata formation which is also negatively regulated by brassinosteroids through BIN2 kinase that phosphorylates and inactivates YODA 17 .
Since the documented global warming concerns both increase of the average daily temperatures as well as increase of extreme temperatures observed during the day 18, 19 to simulate the latter we exposed young Arabidopsis seedlings (2 days post-germination) to 37 0 C for 2h each day for 7 days ( Supplementary Fig. 1a ) that represents a sub-lethal temperature not influencing seedling viability 20 . Interestingly, wild-type plants responded to repetitive heat stress treatments by decreasing the stomatal density while in yda mutants that overproduce stomata in clusters 4,5,6 , heat stress almost rescued the severe phenotype (Fig. 1a, c) . HEAT SHOCK PROTEIN 90 (HSP90), an evolutionary conserved molecular chaperone, interacts with a large repertoire of signaling proteins including kinases and TFs 11, 12, 13, 14 and controls numerous biological processes including organismal development and stress responses 11, 12, 13, 14, 21, 22, 23 .
To rigorously test whether HSP90s were involved in the heat stress response of stomatal development we produced double mutants of yda with hsp90.1, a mutant in the heat stressinduced member, with hsp90.3, a mutant in almost constitutively expressed member, and with pRAC2::HSP90RNAi line ( Fig. 1b and Supplementary Fig. 1b-d ). Genetic impairment of HSP90 genes and pharmacological inhibition of HSP90s with specific inhibitors, like GDA and 17-DMAG 24,25 , caused stomatal clustering and higher stomatal density ( Fig. 1b and Supplementary   Fig. 2 ). Analysis of the stomatal densities in these double mutants revealed that RNAi-mediated depletion of HSP90s in the yda mutant attenuates stomata clustering in agreement with the pharmacological inhibition of HSP90s in the yda mutant ( Fig. 1b, To further address the role of HSP90s in the stomatal development, we showed that both HSP90.1 and HSP90.3 are expressed in stomatal cell lineage (SCL) from meristemoids to fully developed stomata ( Fig. 1d , e, and Supplementary Fig. 7a , b) and verified that HSP90s physically interact with YODA kinase ( Supplementary Fig. 7c -f).
The constitutive active YODA in Nyda mutants inhibits stomata formation ( Fig. 2a) 4, 10 .
Stomatal precursors were systematically formed in ΔNyda when HSP90s were pharmacologically 4 inhibited partially rescuing the stomata-less ΔNyda phenotype, while fully developed stomata were occasionally encountered ( Supplementary Fig. 4 ). pRAC2:HSP90RNAi based genetic depletion of HSP90s in ΔNyda exhibited few fully developed stomata, while stomatal precursors were abundant ( Fig. 2a and Supplementary Fig. 3a, b, d ). Double mutants of hsp90ΔNyda showed stomatal complexes and SCL as in wild-type plants ( Fig. 2a and Supplementary Fig. 8 ).
Although, stomatal precursors were frequently observed in hsp90ΔNyda, as it was found in GDAtreated ΔΝyda ( Supplementary Fig. 4 ) stomata were sporadically detected having large guard cells (GCs) ( Fig. 2a and Supplementary Fig. 8 ). The results show that HSP90s act also downstream of YODA in the signaling cascade for stomatal ontogenesis. The role of HSP90s in stomatal formation was further revealed as heat-stressed hsp90.1 and hsp90.3 mutants showed a counteracting impact on stomatal density ( Fig. 2a, b ). The counter effect can be explained by the significant induction of HSP90.1 and HSP90.3 transcripts especially in hsp90.3 or hsp90.1 mutants, respectively, caused by the repetitive cycles of heat stress ( Supplementary Fig. 9 ). The existence of a feedback loop that enhances stomatal density in heat-shocked hsp90.3 mutant was verified by the induced expression of YDA (Fig. 2c ). nuclear SPCH inactivation and leads to overproduction of stomatal precursors. In agreement, treatments with HSP90 inhibitors increased stomatal density and induced stomatal clusters in mpk3-1 and mpk6-4 mutants ( Fig. 3a, b) .
The phosphorylation and concurrent activation of MPK3 and MPK6 within the YODA signaling pathway directly regulate downstream targets relevant to SCL specification, such as SPCH 28, 29 . Wild-type plants and yda mutant treated with HSP90 inhibitors as well as untreated hsp90 mutants showed reduction of phosphorylated MPK3/6 pools ( Fig. 3c, d ). This result verified the role of HSP90s in the regulation of signaling components downstream of YODA. At the transcriptional level MPK3 was downregulated, while MPK6 was upregulated in wild type and hsp90 mutants after heat-stress ( Fig. 3e ). Moreover, no changes in stomatal density were observed in mpk3-1 and mpk6-2 mutants after heat stress ( Fig. 3f ). These data suggest a critical interplay between MPK3/6 kinases and environment (heat stress) in the control of stomatal development.
In agreement with the stomatal phenotypic analysis, pharmacological depletion of HSP90s in the yda mutant decreased SPCH protein levels, while in the ΔΝyda it resulted in an increase of SPCH protein abundance ( Fig. 4a, b ). Further, heat-stress treatment of wild-type plants reduced the SPCH protein abundance, while it showed no statistically significant impact on SPCH protein levels in the pRAC2:HSP90RNAi, hsp90.1 and hsp90.3 mutants ( Fig. 4c, d ), thus corroborating results of the phenotypical analyses ( Fig. 2a, b ). To further elucidate the molecular mechanism underlying heat-stress response we tested the protein levels of MPK3, MPK6, HSP90, SPCH and the activation of MAPKs. Immunoblot analysis revealed that the phosphorylation of MPK3 slightly increased ( Fig. 4e , f), while MPK6 was strongly activated (15- fold increase) within 20 min of heat stress (Fig. 4e, f) . Importantly, the pattern of MPK6 phosphorylation was also accompanied by increased SPCH phosphorylation showing a nearly 12fold increase of phosphorylated to non-phosphorylated SPCH ratio ( Fig. 4e, f ). This suggests that activation of MPK6 is tightly coupled to SPCH phosphorylation during heat stress. Phosphatase treatments showed that the differential mobility of SPCH protein observed on immunoblots was due to the phosphorylation ( Supplementary Fig. 12a ). Next, we performed qPCR analysis for the major transcription factors controlling stomatal ontogenesis 8 . Our results showed a moderate increase of SPCH transcript level in the hsp90.1 mutant, while MUTE expression was almost unaffected and FAMA transcript level was upregulated under heat-stress conditions ( Fig. 4g ), suggesting an active interplay between acute heat-stress conditions and HSP90s. Taken together these results clearly show that HSP90s and MAPKs have a prominent role in the suppression of SPCH transcription factor that leads to the repression of stomatal development.
This study reveals an intertwine relationship of acute environmental heat-stress conditions and HSP90s to regulate YODA signaling pathway during stomatal ontogenesis. We show that Extended data are available in Supplementary Figures 1-7 . Scale bars, 20 μm. Supplementary Figures 11, 12 . h, Proposed model for the modulation of YDA signaling cascade under depletion of HSP90 proteins and heat stress conditions that induce HSP90 activity. HSP90 integrate environmental stimuli and by regulating YDA cascade control the abundance and activity of SPCH, the master transcription factor fine-tuning leaf epidermis development. 
